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Abstract 
In the present work, we have studied glutathione transferase (GST) activity and GST subunits distribution in the liver of young and 
aged rats kept under hypoxic or hyperoxic normobaric conditions as model of oxidative stress. A significant decrease of GST activity was 
detected in young hypoxic rat liver, whereas a significant increase occurred in aged hypoxic liver. No significant alteration of activity was 
obtained in both young and aged rat livers subjected to hyperoxic treatment. Substrate specificity measurements, SDS/PAGE analysis 
and reverse-phase HPLC, of GSH-affinity purified fractions were used to study the changes in the GST subunits pattern occurring in the 
liver of rat as a consequence of hypoxic and hyperoxic treatment. The results demonstrate hat young and aged rat liver has a different 
constitutive GST subunit pattern which are markedly and differentially altered in hypoxia or hyperoxia. The hyperoxic treatment caused 
an increase of GST subunit 3 in aged, but not in young liver. In aged liver, both the hypoxic and hyperoxic treatment produced a decrease 
of GST subunit 4. After hypoxic treatment GST subunit 3 significantly increased in both young and aged liver. GST subunit la increased 
in both young and adult liver after hyperoxia. Following hypoxia a decrease of subunit la was seen in both young and aged liver. After 
hypoxic treatment, subunit 6 doubled in young, but not in aged, livers. It was concluded that the alterations in GST subunit expression 
occurring in the liver as a consequence of hypoxic or hyperoxic treatment respond to the necessity of a better protection of liver against 
the products of oxidative metabolism. 
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1. Introduction 
Glutathione transferases (GST; EC 2.5.1.18) are a fam- 
ily of multifunctional enzymes which catalyze the conjuga- 
tion of a wide number of electrophilic ompounds, includ- 
ing carcinogens and their metabolites, mutagens, herbi- 
cides to GSH [1-3]. Although the conjugation reaction 
with GSH is generally regarded as detoxication reaction, 
several compounds are known to be activated when conju- 
gated to GSH [4]. In addition, GST bind a large number of 
hydrophobic molecules uch as hormones, bilirubin, heme, 
bile acids and are thought: to be involved in intracellular 
transport [1-3]. GST are usually present in multiple forms 
throughout biological ife [1-3]. According to their struc- 
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tural and immunological properties, cytosolic GST can be 
grouped into at least five distinct classes, i.e. alpha, mu, pi 
theta and sigma [5-7]. GST arise from the dimeric combi- 
nation of subunits having a molecular mass ranging about 
23-28 kDa. [1-3]. However, only GST subunits belonging 
to the same class can form active dimers [ I -3].  Rat tissues 
contain at least 15 different subunits, giving rise to about 
20 active dimers which are expressed in a tissue-specific 
manner [1-3,8-10]. GST isoenzyme profile can be altered 
by several physiological factors such as age [11,12], sex 
[13,14], hormone status [15,16] and pregnancy [17]. The 
expression of GST subunits is also affected by a variety of 
xenobiotics, including phenobarbital, 3-methylcholan- 
threne, ethoxyquin and antioxidant substances [18-20]. 
GST isoenzyme profiles are also significantly altered in 
carcinogenesis and multi-drug resistance [21,22]. GST are 
generally considered to play a crucial role in cellular 
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protection against electrophilic chemical species including 
those formed by oxidative processes [1-3,23]. It has been 
proposed that glutathione as well as many of the glu- 
tathione-metabolising enzymes have evolved to provide 
cellular protection against toxic products of oxygen 
metabolism [1,24]. In vitro studies have demonstrated that 
epoxides, organic hydroperoxides, hydroxyalkenals, which 
are endogenously produced as a consequence of oxidative 
metabolism, are efficiently conjugated to GSH by certain 
GST [1-3,23]. Furthermore, Murata et al. [25] have 
demonstrated that GST of mu class can be activated by 
active oxygen species. Thus, since one of the functions 
attributed to GST is the capacity to protect against oxic 
products of oxygen metabolism, the effect of hypoxia and 
hyperoxia (as models of oxidative stress) on the GST 
activity and GST subunits profile in the liver of young and 
aged rats was investigated. 
saline solution and then quickly dissected. Liver was stored 
at - 80°C until analysis. Cytosol was prepared by ultracen- 
trifugation at 105 000 × g for 60 min of tissue homoge- 
nized (1:10 w/v)  in 10 mM potassium phosphate buffer, 
pH 7.0, supplemented with 1 mM dithiothreitol (buffer A) 
2.4. GST purification 
After preparation, the cytosolic fraction was applied to 
a GSH-affinity column [26] previously equilibrated with 
buffer A. The column was then washed with buffer A 
supplemented with 200 mM KC1. GST was eluted with 50 
mM Tris/HC1, pH 9.0, containing 50 mM GSH. The 
fractions with GST activity were pooled, concentrated by 
ultrafiltration, dialyzed against buffer A and then subjected 
to further analysis. All operations in the purification proce- 
dure were performed at 4°C. 
2. Materials and methods 2.5. SDS-PAGE and immunoblotting analysis 
2.1. Hypoxic treatment 
Experiments were performed on two groups of male 
Wistar rats (250-400 g) each of eight animals. One group 
(hypoxic group) was exposed to 10% oxygen (76 Torr of 
oxygen) for 12 days in a large plexiglass chamber. The 
chamber was recirculated with a pump; CO 2 was removed 
from the chamber air with baralyme and was continuously 
monitored with a capnograph. Boric acid was mixed with 
the litter to minimize emission of urinary ammonia. The 
temperature was maintained at 25°C. The other group 
(control group) was maintained breathing air in the same 
room (21% oxygen; 156 Torr of oxygen). Each group was 
composed of four young rats (2 months old) and four aged 
rats (25 months old). 
2.2. Hyperoxic treatment 
Experiments were performed on two groups of male 
Wistar rats. One group of six rats (250-400 g) was 
exposed to 98-100% 02 (760 Torr) for 60 h in a large 
Plexiglass chamber. The chamber air was recirculated with 
a pump, CO 2 was removed from the chamber air with 
baralyme and was continuously monitored with a capno- 
graph. Boric acid was mixed with litter to minimize emis- 
sion of urinary ammonia. The temperature was maintained 
at 25°C. The control group was maintained breathing air in 
the same room (21% oxygen; 156 Tort of oxygen). Each 
group was divided into two group of young rats (2 mth 
old) and the other of aged rats (25 mth old). 
2.3. Cytosol preparation 
Rats were anaesthetised with nembutal (30 mg/kg i.p.). 
Liver was perfused and superfused with physiological 
Subunit molecular masses of GST were determined by 
SDS-PAGE as described by Laemmli [27]. SDS concentra- 
tion was 0.1%, the spacer gel and the separating el were 
3% and 12.5% acrylamide, respectively. Phosphorylase b 
(94 kDa), bovine serum albumin (67 kDa), ovoalbumin (43 
kDa), carbonic anhydrase (30 kDa), soybean trypsin in- 
hibitor (20.1 kDa) and c~-lactalbumin (14.4 kDa) were 
used as standards for characterization f subunit molecular 
mass. Western blot was done essentially according to the 
protocol described by Towbin et al. [28]. Antisera raised 
against members of human, rat and mouse alpha, mu and 
pi class GST were available in our laboratory. 
2.6. Enzyme assay 
GST activity with 1-chloro-2,4-dinitrobenzene, 
ethacrynic acid, AS-androstene-3,17-dione, trans-4- 
phenyl-3-buten-2-one, p-nitrophenyl acetate, 1,2-dichloro- 
4-nitrobenzene, p-nitrobenzyl chloride, bromosulfoph- 
thalein was measured as described by Habig et al. [29]. 
GST activity with 4-nitroquinoline 1-oxide was determined 
as described by Stanley and Benson [30]. GST activity 
with cumene hydroperoxide as substrate was measured as 
previously reported [31]. GST activity with trans-non-2- 
enal as substrate was determined as described by Brophy 
et al. [32]. Catalase activity was measured using a spec- 
trophotometric method [33]. Superoxide dismutase activity 
was determined by epinephrine method as described by 
Sun and Zigman [34]. Quantification of glutathione peroxi- 
dase activity was done by the method of Paglia and 
Valentine using hydrogen peroxide as substrate [35]. Gly- 
oxalase I activity was measured as described by Man- 
nervik [36]. A3, A2-enoyl-CoA isomerase were measured 
as described by Takahashi et al. [37]. Protein concentra- 
tions were determined by the method of Bradford [38]. 
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2.7. Analysis of  subunits by reverse-phase HPLC and 
N-terminal amino acid sequencing 
HPLC analysis was performed by using the method 
described by Ostlund-Farrants et al. [39]. A Vydac 201 TP 
5 (200 × 3 mm) column attached to a Kontron HPLC 
system was used. The column was equilibrated with 30% 
acetonitrile in 0.1% (v /v )  trifluoracetic acid and devel- 
oped at 1 ml /min  by a 50 min gradient from 30% to 60% 
acetonitrile in 0.1% (v /v )  trifluoracetic acid. The ab- 
sorbance of the eluate was monitored at 214 nm. For a 
more clear identification, GST subunits eparated by HPLC 
were collected and submitted to N-terminal sequence on an 
Applied Biosystems model 473 pulsed liquid sequencer 
with on-line detection of phenylthiohydantoin (PHT) amino 
acid. 
Table 2 
Substrate specificity towards different model substrates in the GSH-affin- 
ity fraction of hypoxic and hyperoxic young rat liver 
Substrate Control Hypoxia Hyperoxia 
(/zmol/min per nag) 
1 -chloro-2,4-dinitrobenzene 9.50 7.60 9.0 
cumene hydroperoxide 1.22 0.92 0.8 
AS-androstene-3,17-one 0.015 0.005 0.09 
4-nitroquinoline 1-oxide 5.1 4.1 7.1 
trans-non-2-enal 0.19 0.43 0.26 
trans-4-phenyl-3-buten-2-one 0.066 0.062 0.07 
1,2-epoxy-3-(p-nitrophenoxy)propane 0.030 nd 0.042 
p-nitrophenyl acetate 0.20 0.15 0.11 
ethacrynic acid 0.19 0.20 0,19 
1,2-dichloro-4-nitrobenzene 0.30 0.025 0.27 
p-nitrobenzyl chloride 0.54 0.36 0,60 
bromosulfophthalein 0.035 0.022 0.025 
3. Results 
The effects of hypoxia and hyperoxia on young and 
aged rat liver GST, as measured with 1-chloro-2,4-dinitro- 
benzene, are presented in Table 1. For comparison, the 
activity of other non-GST antioxidant enzymes such as 
catalase, glutathione peroxidase and superoxide dismutase 
are also included. Young and aged rat livers GST are 
differentially affected by hypoxia. In fact, a significant 
decrease of GST activity was measured in young hypoxic 
rat liver, whereas a significant increase of GST activity 
occurred in aged hypoxic liver. No significant alteration of 
GST activity was obtained in both young and aged rat 
livers subjected to hyperoxic treatment. It has to be noted 
that the GST activity measured in the liver of young 
control rats was two-fold higher than that measured in 
aged rat livers. In order to determine whether or not 
changes in the GST isoenzymatic pattern occur as a conse- 
quence of hypoxic and hyperoxic treatment, he cytosolic 
GST were first purified by GSH-affinity chromatography. 
After purification the following yields for the six groups of 
rats investigated were obtained: 78 + 10% of total activity 
(young control); 68 +_ 7% of total activity (aged control); 
72 + 8% of total activity (young hypoxic); 66 _+ 7% of 
total activity (aged hypoxic); 77 + 9% of total activity 
(young hyperoxic); 70 + 8% of total activity (aged hyper- 
oxic). The affinity purified fractions were then measured 
with a range of substrates (Tables 2 and 3) normally used 
to discriminate the various mammalian isoenzymes and 
subjected to SDS-PAGE (Fig. 1). Differences in activity 
between the GSH-affinity purified enzymes in both young 
and aged livers subjected to hypoxia or hyperoxia were 
noted. For example, the activity with 1,2-dichloro-4- 
dinitrobenzene and bromosulfophtalein i  aged hypoxic 
liver was found to be twice that of control liver (Table 3). 
On the other hand, in the hyperoxic aged liver higher 
activities towards AS-androstene-3,17-one, 1,2-dichloro- 
4-dinitrobenzene and bromosulfophtalein, as compared to 
control liver were found (Table 3). The activity with 
1,2-epoxy-3-( p-nitrophenoxy)propane in both hypoxic and 
Table 1 
Antioxidant enzyme activities in young and aged rat liver subjected tohypoxia nd hyperoxia 
Enzyme Control Hypoxia Hyperoxia 
Young Aged Young Aged Young Aged 
catalase " 212 + 15 53 5- 5 36 + 0.5 68 -I- 10 70.1 5- 7.5 74.7 5- 2.1 
(n = 6) (n = 5) (n = 3) (n = 3) (n = 9) (n = 9) 
superoxide ismutase a 5.0 -t- 0.78 3.1 +_ 0.03 3.2 + 0.03 2.5 5- 0.17 4.29 + 0.5 5.0 5- 0.4 
(n = 3) (n = 3) (n = 3) (n = 3) (n = 3) (n = 3) 
glutathione p roxidase * * 131 + 5 498 + 33 222 + 13 596 5- 73 209 5- 14 350 5- 14 
(n = 10) (n = 9) (n = 8) (n = 6) (n = 9) (n = 9) 
glutathione transferase * * 297 + 40 134 5- 1 97 5- 10 277 -t- 40 252 + 24 131 + 8 
(n = 9) (n = 8) (n = 6) (n = 8) (n = 10) (n = 11) 
* mmol/min per mg. 
* * nmol/min per mg. 
a U/mg. 
n = sample dimension. 
Values are mean 5- SEM. 
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Table 3 
Substrate specificity towards different model substrate in the GSH-affin- 
ity fraction of hypoxic and hyperoxicaged rat liver 
Substrate Control Hypoxia Hyperoxia 
(/zmol/min per mg) 
1 -chloro-2,4-dinitrobenzene 8.36 7.05 8.30 
cumene hydroperoxide 1.42 1.54 1.20 
AS-androstene-3,17-one 0.012 0.0015 0.047 
4-nitroquinoline l-oxide 5.6 4.1 3.71 
trans-non-2-enal 0.11 0.22 0.26 
trans-4-phenyl-3-buten-2-one 0.063 0.096 0.07 
1,2-epoxy-3-( p-nitrophenoxy)propane 0.250 0.11 0.13 
p-nitrophenyl acetate 0.078 0.077 0.13 
ethacrynic acid 0.22 0.166 0.20 
1,2-dichloro-4-nitrobenzene 0.100 0.200 0.24 
p-nitrobenzyl chloride 0.50 0.33 0.64 
bromosulfophthalein 0.008 0.018 0.025 
hyperoxic aged liver was lower than that in control liver 
(Table 3). No activity was observed with this latter sub- 
strate in young hypoxic liver (Table 2). Differences in 
activity between the GSH-affinity purified enzymes of 
both young and aged control could also be noted. The 
activity with p-nitrophenyl acetate and bromosulfophtalein 
was higher in young than in aged control liver (Tables 2 
and 3). Conversely, the activity with 1,2-epoxy-3-(p- 
nitrophenoxy)propane wassignificantly higher in aged than 
in young control iver (Tables 2 and 3). When the GSH-af- 
finity purified material from both hypoxic and hyperoxic 
liver was subjected to SDS-PAGE analysis it produced 
essentially an identical electrophoretic pattern showing 
three bands with an electrophoretic mobility of 25 kDa, 
26.5 kDa and 28 kDa (Fig. 1). Thus electrophoretic results 
seem to indicate that no dramatic changes in the GST 
subunit composition occur in young and aged rat liver 
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Fig. 1. SDS-PAGE of affinity purified GST from the liver of young and 
aged rats ubmitted to hypoxic and hyperoxic conditions. Lane 1 standard 
proteins from top to bottom phosphorylase b (94.0 kDa), bovine serum 
albumin (67.0 kDa), ovoalbumin (43.0 kDa), carbonic anhydrase (30.0 
kDa), soybean trypsin inhibitor (20.1 kDa) and (14.4 kDa); lane 2, young 
control GST; lane 3, aged control GST; lane 4, young hypoxic GST; lane 
5, aged hypoxic GST; lane 6, young hyperoxic GST; lane 7, aged 
hyperoxic GST. 
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Fig. 2. HPLC analysis of affinity purified GST subunits from young and 
aged rats submitted to hypoxic and hyperoxic onditions. Rat liver GST 
was isolated by using GSH-affinity column and analyzed on C18 
reverse-phase column as reported in the materials and methods ection, 
The GST subunit numbers are indicated. About 120/zg of GSH-affinity 
purified materials was analyzed by HPLC. 
accurate estimation of the relative proportion of GST 
subunits in hypoxic and hyperoxic rat livers, the GST 
obtained from GSH-affinity chromatography were sub- 
jected to HPLC analysis. GST from both hypoxic and 
hyperoxic young and aged liver were resolved into several 
peaks (Fig. 2) each of which was collected and identified 
by SDS-PAGE, immunoblotting analysis and N-terminal 
sequencing. As anticipated by substrate specificity data 
and SDS-PAGE analysis, quantitative but not qualitative 
differences in the HPLC profiles were obtained. When 
peak areas were compared, the results depicted in Fig. 3 
were obtained. As compared to control liver a significant 
increase of subunit 3 occurred in the liver of aged rats 
subjected to both hypoxia and hyperoxia (Fig. 3B). Sub- 
unit 3 also increased in the liver of young rats subjected to 
hypoxia (Fig. 3A), whereas no significant changes oc- 
curred in subunit 3 concentration in the liver of young rats 
subjected to hyperoxia (Fig. 3A). A decrease of subunit 4 
can he noted in aged liver (Fig. 3B), after both hypoxic 
and hyperoxic treatments (Fig. 3). It has to be noted that 
subunit 4 is significantly higher in aged than in young 
control iver (Fig. 3A and 3B). On the contrary subunit 3 
was higher in young than in aged control livers (Fig. 3A 
and 3B). Hypoxic treatment significantly decreased the 
subunit la content in both young and aged livers (Fig. 3A 
and 3B). On the other hand, a significant increase of 
subunit la content was seen in both young and aged livers 
(Fig. 3A and 3B) after hyperoxic treatment. GST subunit 
lb is not significantly affected by hypoxia or hyperoxia in 
both young and aged livers (Fig. 3A and 3B). A slight 
increase of subunit 2 could be noted in aged hypoxic liver 
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Fig. 3. Relative contribution f each GST subunit solated by HPLC to 
the total GST content of young (A) and aged (B) rats submitted to
hypoxic and hyperoxic conditions. Rat liver GST was isolated by using 
GSH-affinity column and analyzed on Cls reverse-phase column as 
reported inthe materials and methods section. The GST subunit numbers 
are indicated. About 120 /~g of GSH-affinity materials was analyzed by 
HPLC. Values are means +SEM. * Significantly different from from 
corresponding control value (P < 0.05). 
(Fig. 3B). On the contrary, a slight decrease of subunit 2 
occurred in hypoxic young livers (Fig. 3A). Subunit 6 
doubled in young hypoxic livers (Fig. 3A), whereas no 
significant alteration was noted in aged liver after both 
hypoxic or hyperoxic treatments (Fig. 3B). 
As shown in Fig. 2, HPLC analysis of GSH-affinity 
purified material resulted in a novel peak, indicated as Pk, 
that eluted before subunit 3 at 23.93 min. This not yet 
identified peak (no sequence could be obtained from Pk), 
is dramatically reduced in young livers, but not in aged 
livers after hypoxic treatment. No significant alteration of 
Pk in both young and aged livers after hyperoxic t/eatment 
was noted. 
4. Discussion 
GST are generally considered to play a key role in 
cellular defense against electrophilic species [1-3,23]. 
Many of these electrophilic species are frequently a conse- 
quence of oxidative processes that occur into the ceils and 
it has been proposed that GST as many other GSH-linked 
enzymes have evolved to provide protection against the 
toxic products of oxygen reactions [1,24]. It is well known 
that the supply of oxygen at concentrations higher or lower 
than those used under normal conditions can promote 
oxidative processes that can cause tissue damage [40-42]. 
To better understand the role of GST in cellular protection 
against oxidative metabolism, the effect of hypoxia and 
hyperoxia on both young and aged rat liver GST subunit 
profiles was studied. The results of the present investiga- 
tion show that marked alterations in the GST subunit 
profiles occur in young and aged rat livers under hypoxia 
or hyperoxia. This change in subunits pattern was unpre- 
dictable from the determination of cytosolic GST activity 
with 1-chloro-2,4-dinitrobenzene a d SDS-PAGE analysis 
of GSH-affinity purified GST. Thus, reverse-phase HPLC 
is a very effective tool to investigate GST subunit varia- 
tions. In fact, although no change in GST activity was 
measured in the liver of young and aged rats subjected to 
hyperoxia, HPLC analysis of GSH-affinity purified mate- 
rial shows that remarkable changes in GST subunit profiles 
occur. HPLC analysis of GSH-affinity purified material 
also reveals that untreated young and aged livers have a 
different GST subunits composition. For example, with 
aging, a significant decrease of GST subunit 3 and GST 
subunit la, with a concomitant increase of GST subunit 4, 
occurs. This result appears to be rather different to that 
obtained by Carrillo et al. [12], who studied the age-related 
alteration of GST subunits in Fisher-344 rat liver, and 
found a significant decrease, with age, of both subunit 3 
and 4. The existence of strain-specific differences in the 
expression and regulation of various GST subunits may 
explain these apparently conflicting results. Both hypoxic 
and hyperoxic treatments cause a significant increase of 
subunit 3 in aged liver, whereas in young liver, hypoxic 
but not hyperoxic treatment produces an increase of sub- 
unit 3. A different effect on subunit 4 also occurs in young 
and aged rat liver as a consequence of hypoxic and hyper- 
oxic treatments. In fact, a significant decrease of subunit 4 
occurred in aged, but not in young, livers when subjected 
to hypoxia or hyperoxia. Thus the mu class enzymes eem 
to be particularly susceptible to hypoxia or hyperoxia 
treatment, i.e. those isoenzymes which demonstrate high 
activities with epoxides ubstrates [1,2,23] and that can be 
activated by active oxygen species [25]. On the other hand, 
GST subunit la appears to be regulated in the same 
manner in both young and aged livers. In fact, in both aged 
and young livers, hyperoxia produces a significant increase 
of GST subunit la, whereas a decrease in subunit la 
occurs in both young and aged livers as a consequence of 
hypoxic treatment. It has to be noted that a similar increase 
in subunit l a occurred in rat liver following endurance 
exercise training [43] and selenium deficiency [44]. GST 
subunit lb seems to be not responsive to hypoxia or 
hyperoxia. The concentration of this latter alpha class GST 
subunit does not change significantly in both young and 
aged livers after hypoxic or hyperoxic treatment. It has 
been reported that GST1 gene contains an antioxidant 
responsive lement (ARE) that allows eucaryotic ells to 
respond to oxidative stress [45]. It is possible that the 
change of GST subunit l a obtained in both young and 
aged rats liver subjected to hyperoxia is mediated by ARE. 
It is worth mentioning that previous studies have demon- 
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strated that reactive oxygen species such as hydrogen 
peroxide, as well as, phenolic antioxidants and pro-oxida- 
tive treatments, are able to activate transcription of the 
GST1 gene through the ARE element [46]. 
An age-associated changes in the activity of catalase 
and glutathione peroxidase also occur in rat liver. On the 
other hand, there is no effect of aging on the activity of 
superoxide dismutase. The level of non-GST antioxidant 
enzymes are in both young and aged liver differentially 
regulated by hypoxia or hyperoxia. For example, after 
hyperoxic treatment, catalase activity increased in aged 
liver, but decreased in young liver. The opposite is true for 
glutathione peroxidase activity; it increased in young, but 
decreased in aged liver after hyperoxia. Thus the changes 
occurring on non-GST antioxidant defense enzymes as 
well as those occurring on GST subunits after oxidative 
stresses are age-related. 
Our rat liver HPLC GST subunits profiles are not 
consistent with the profiles of previous reports [11,20,47- 
49]. The major difference is the presence, in our profile, of 
an extra peak that eluted at 23.93 min, i.e. before elution 
of GST subunit 3. This peak (Pk), constituting more than 
20% of total GSH-affinity binding proteins, undergoes a
significant decrease in young livers as a consequence of
hypoxic, but not of hyperoxic treatment. However, al- 
though preliminary characterization was made, no clear 
indication that Pk represents a novel GST subunit was 
obtained. Despite its apparent molecular mass falling in the 
range of GST subunits and its capacity to bind GSH-Sep- 
harose, immunological nalysis indicated that Pk does not 
immunoblott with antisera raised against alpha, mu and pi 
classes GST. GST preparations frequently contain glyox- 
alase I an A2,A3-enoyl-CoA isomerase that coelute with 
GST when S-hexylglutathione S pharose is used as affin- 
ity matrix [37,50-52]. However, considering that GSH- 
Sepharose was used in the present work as affinity matrix, 
and taking into account that no glyoxalase I and A 2, A3-en -
oyl-CoA isomerase activity was measured in the GSH-af- 
finity purified material, it can be argued that Pk does not 
represent one of the two enzyme mentioned. However, 
further studies are in progress in our laboratory to better 
identify and characterize Pk. 
In conclusion, the results of the present investigation 
clearly indicate that the GST subunits composition of both 
young and aged rat livers are markedly and differentially 
alterated by hypoxia and hyperoxia. It is conceivable that 
these alterations, as well as the alterations of the other 
antioxidant enzymes, respond to the necessity of a better 
protection of the liver against the products of oxidative 
metabolism. 
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